In this article, a new adaptive coordinated motion control approach is introduced for a dual-arm free-floating space robot. This adaptive algorithm is used for the post-capture of a large noncooperative target with joint-limit avoidance and uncertain dynamic parameters. To overcome the problem of dynamics coupling between the space base, its manipulators, and the target, we develop a dual-arm space robotic system. One arm is used to complete the capture task and the other is used to counteract the disturbance to the space base. In this case, a new coordinated motion control law is derived based on reaction null space control. An improved joint-limit avoidance algorithm is implemented for large noncooperative target capture; otherwise, a significant base disturbance may result if the joint-limit constraints are not explicitly considered. Based on momentum conservation, the linear regression form of the estimation problem is obtained, and we further identify the unknown inertial parameters of the target. Finally, the simulation results demonstrate the effectiveness of the proposed algorithm.
Introduction
With the development of astronautic technology, space robots will undertake additional tasks in space exploration. Their main missions to date have been to capture and repair noncooperative space objects or debris and to support astronauts in replacing or assembling components on space stations. Therefore, many countries have paid significant attention to the development of space robotic technologies. The SUMO/ FREND project and the Phoenix Program 1 exemplify typical orbital applications of space robots. The main characteristics of the two projects are that the space robots have more than one manipulator and that the inertial parameters of the target spacecraft are much larger than those of the robot.
To describe the interactive relationship between a space robot and the target, on-orbit capture missions can generally be divided into three phases 2 : pre-capture, capture, and post-capture. In the pre-capture phase, a space manipulator is controlled and approaches the target by gradually following the motion of the target. At the instant of capture, the end effector of the space manipulator makes contact with the target until the gripper is closed. The primary challenge in this phase is to minimize the interaction between the end effector and the target. In the post-capture phase, the endeffector of the space manipulator firmly captures the target, and the space robot must dampen the motion of the target. The initial angular momentum of the captured target is dampened using thrusters or reaction wheels. In this article, we address the problems that arise in the post-capture phase. The main topic that is presented in this article is minimization of the reaction moment of the space base after capturing a large noncooperative target satellite that initially has angular momentum. The momentum may cause the system to become unstable. This task is necessary since the antennas of the servicing base must be pointed toward the Earth and, therefore, the base attitude must be maintained.
For a successful capture of a noncooperative target, the motion of the entire system, including the space base, the space manipulators, and the target, should be considered. Therefore, many studies have been conducted on angular momentum management during the post-capture phase. Dubowsky and Torres 3 developed a planning method known as an enhanced disturbance map for simultaneous control of space manipulator motion and spacecraft attitude. Yoshida et al. 4 introduced reaction null space (RNS) control to stabilize the base attitude, which has proven useful in the ETS-VII project. Recently, Xu et al. 5 proposed a coordinated motion control algorithm for a dual-arm space robot to plan zero-disturbance end-effector paths. However, it should be noted that the success of the approaches mentioned above relies on the accuracy of our knowledge of the target's dynamic parameters, such as mass and moment of inertia.
Two main strategies have been developed to address inertial parameter uncertainties. The first is a two-stage approach, which involves first estimating the uncertain parameters and then designing a controller with the estimated parameters. The second is to develop the adaptive control methods and algorithms for the uncertain parameters. Previous work on the related problems includes that of literature. [6] [7] [8] [9] [10] [11] [12] In the studies by Atkeson et al., 6 Jia et al., 7 and Yoshida and Abiko, 8 methods were proposed to identify the inertial parameters of a target handled by a space manipulator. These authors derived a parameter identification procedure from the momentum conversation equations, which is known as distributed momentum control (DMC) and is unique to space manipulator systems. Adaptive control techniques are proposed in literature [9] [10] [11] [12] to address the problem of end-effector motion control while holding an unknown payload. However, none of these approaches have resolved the issues arising when capturing a large and tumbling target. In this article, by incorporating online estimation and adaptive control into a dual-arm system, we design a new adaptive coordinated motion control scheme based on the adaptive RNS (ARNS) algorithm.
With the developed dual-arm space robot system, an extension of the ARNS algorithm is presented in the consideration of joint-limit constraints. The joint limits must be avoided for a practical implementation of the proposed ARNS scheme on space manipulators. Otherwise, the space manipulator may reach its physical joint limits, and a significant base disturbance may occur, which would lead to disastrous results. In this article, the ARNS scheme is reformulated and integrated with the target's parameter identification procedure. The recursive least squares (RLS) algorithm is implemented to identify the unknown inertial parameters, namely, the mass, moment of inertia of the target, and center of the mass. To accelerate the convergence rate of the tracking errors, a PD-type iterative learning control law is developed using the online parameter identification.
The principal differences of the proposed procedure from previous related studies can be stated as follows:
1. The ARNS motion control scheme is expanded from a single-arm space robot to a dual-arm space robot, in which both arms execute ARNS motion. This adaptive scheme is employed to stabilize a large inertial target that carries unknown momentum without the use of reaction wheels or jet thrust. 2. To guarantee the ARNS motion, an improved jointlimit algorithm is implemented, which can expand the motion range of the joint. 3. Based on momentum conversation, we obtain the linear regression form of the estimation problem. Using the online parameter estimation, a PD-type iterative learning control law is developed to speed up the convergence of the tracking errors.
This article is organized as follows. "Dual-arm space robot system" section describes the kinematic and dynamic modeling and coordinated motion equation of a dual-arm, free-floating space robot. Then, the ARNS algorithm for a dual-arm space robot is reformulated with joint-limit avoidance. Next, the estimation algorithm for the identification of the inertial parameters is presented. Next, a study of a PDtype iterative learning controller is conducted to incorporate the inertial parameters of the target. The proposed method is validated with some simulation examples in "Simulation study" section. "Conclusion" section provides the conclusions and recommends directions for future work.
Dual-arm space robot system

Basic assumptions
During the operation, the space robot is in free-floating mode. We assume that (a) The system is composed of rigid bodies only, and the origin of the inertial frame S I is located at the center of mass of the entire system. (b) After the manipulator grasps the target, the target is fixed to the end-effector; thus, there is no relative linear motion between the end-effector and the target. (c) The initial linear and angular momenta of the space robot system is zero. (d) No external forces or torques are exerted on the entire system (space robot and target). The reaction wheels or other momentum exchange devices are not considered in this article. The total momentum of the system is conserved in this situation.
Kinematic and dynamic modeling of a dual-arm space robot
The dual-arm space robot consists of a space base (spacecraft) and two arms. One arm is the mission arm (arm-a), which is used to complete space tasks, such as capturing and assembling; the other arm is known as the balance arm (arm-b), which is used to compensate for the reaction motion of the mission arm, as shown in Figure 1 . An alternative approach to establish the model of a dualarm space robot is described in the study by Yoshida et al. 13 From Figure 1 , the position of body i and end-effector in arm-k (k ¼ a; b) are, respectively, as follows
Differentiating the two sides of equations (1) and (2), the linear and angular velocity equations are obtained as follows
Under assumption (d), the total momentum of the space robot system is conserved, implying that the linear and angular momentum of the space system (P, L) remains constant. The elements of the matrix are explicitly described in the study by Yoshida et al. 13
wherer is defined as the skew-symmetric matrix of the vector r. Combining equations (7) and (8) into a compact form, we obtain
Then, equation (9) can be rearranged as
where
The linear velocity of the base can be cancelled out by the first three rows of equation (10) ; then, the angular momentum conservation equation can be written as
With assumption (c), there is no initial angular momentum ðL ¼ 0Þ and no attitude disturbance ðo 0 ¼ 0Þ Since arm-a is used as the mission arm, _ Y a d is planned according to the motion of the target. Then the joint rates of the balance arm are determined by (13) is used to plan the coordinated motion of the balance arm, which is detailed in the next section.
As per the kinematic equations presented above, the total kinetic energy can be written as
When there are no external forces exerted on the system, the dynamic equation can be obtained as
(18)
ARNS with joint-limit avoidance
For the time-varying systems, when there are parameter uncertainties in the system, one way to reduce the uncertainty is to use adaptive control algorithm. In this section, based on the concept of an RNS, an adaptive coordinated motion control of the dual-arm space robotic system is constructed, to minimize the disturbance transferred to the base with consideration of joint-limit constraints.
Formulation of ARNS
To address the problems of post-capture of a tumbling target, an adaptive reactionless motion control for a single-arm space robot is introduced in the studies by Nguyen-Huynh and Sharf 14 and Nenchev et al. 15 The main drawback of previous studies is that they consider only small inertial targets. For large targets, the performance is decreased significantly. 16 To address this limitation, we expand in this section the adaptive reactionless motion algorithm from a single-arm model to a dual-arm model. In this dual-arm space robot system, arm-a is designed to accomplish the capture task and arm-b is used to compensate for the attitude disturbance due to the motion of arm-a; thus, the mapping relationship between the two arms can be formulated. The trajectory of the balance arm is generated by that of the mission arm. From equations (12) and (13), specifically under ideal conditions, the null-space solutions for the joint rates of arm-a and arm-b can be obtained as
where _ a ; _ b 2 R are two arbitrary vectors with units of
For the general case in which the initial system angular momentum is nonzero and the tumbling target has angular momentum L t , equation (11) can be restated as follows
where L m is the angular momentum of the space robot before capture. The matrix H k o includes the inertia term of the target by assuming that the target is rigidly attached to the end-effector. Then, according to the generalization of equations (19) and (20), the RNS motion for the manipulators to produce zero attitude disturbance to the base can be computed as
where L ¼ L m þ L t is the angular momentum of the entire system after capture and _ Y k RNS denotes the required reactionless joint rates of arm-k. However, in the absence of accurate knowledge of H a o due to the unknown properties of the target, the general solution for the joint rates can be written as 
is an arbitrary vector. Clearly, the expressions of equations (26) and (27) are of the same form; thus, they can be rewritten as follows
The motion generated by equation (28) does not cause any rotational motion of the base. Since the matrix H o is always invertible and assuming H o has a full row rank, equation (28) can be rewritten as
or, more succinctly (31) is the foundation of the RNS control scheme for a dual-arm space robot system. Since the captured target changes the dynamic properties of the arm in an undetermined way, the reference joint rate _
where _ Y and o 0 are the joint rates and base angular velocity measured by the sensors, respectively. f.g is defined to present the unknown variables of the noncooperative target.
As per the studies by Nguyen-Huynh and Sharf 14 and Paleologu et al., 17 using the base angular velocity and joint rates at time t, the RLS approach is employed to compute the updates forK
With the estimates_ Y RNS ðt À 1Þ and the exact measurements of _ YðtÞ and o 0 ðtÞ,dðtÞ can be defined as the prediction error. The initial value of the gain matrix Q 2 R 3Â3 can be set as Qð0Þ ¼ E for > 0. Forgetting factor l should be close to unity, to ensure that the ARNS algorithm remains stable during the post-capture maneuvering. Since the matrixKðtÞ changes with time, the covarianceresetting algorithm is implemented to avoid matrix Q becoming excessively large or approaching zero. Q is reset to its initial value whenever it surpasses the preset thresholds; otherwise, the least squares method will be employed. The actual joint rates _ YðtÞ and the base angular velocity o 0 ðtÞ are required for the RLS algorithm. Oncê KðtÞ is calculated, the desired RNS motion of the arms can be obtained
where_ Y RNS ðtÞ is the planned joint rate to the joint control law. However, with an arbitrary _ , some joints may reach their physical limits. If so, the ARNS motion may fail to maintain the base attitude, unless an explicit joint-limit avoidance criterion is incorporated.
Improved joint-limit avoidance strategy
In order to avoid joint limits, the gradient projection method is employed within the adaptive control scheme. According to the study by Nguyen-Huynh and Sharf, 14 the arbitrary vector _ in equation (37) is defined as the gradient of the joint-limit potential function, which increases as the manipulator approaches its joint limits. The potential function can be defined as
Then, _ is computed as the gradient of the potential function 14 
where k is a user-defined positive constant, θ i max > 0 is the physical limit of the ith joint, and the corresponding jointlimit constraint is
This algorithm attempts to restrict the joint angle around the middle position of the given joint's range. Thus, it cannot fully utilize the entire motion range of the joints.
To overcome this shortcoming of the joint-limit algorithm in the study by Nguyen-Huynh and Sharf, 14 we propose an improved joint-limit algorithm that allows a wide range of motion without violation of the joint limit.
In Figure 2 , is the safety angle near the boundary, and θ i min ¼ Àθ i max . For this, two performance criteria are introduced near the boundaries as
The differential of q i with respect to θ i is set as
The equations imply that the differentiali qθ i becomes zero when θ i lies between ðθ i max À Þ and ðθ i min À Þ. This differential indicates that in practice, the joint-limit avoidance algorithm is applied only when the joint angle is out of the safe area; otherwise, the joints move freely. Thus, the range of motion of the joints can be fully explored without exceeding the joint limit. Summing these differentials for all joints, we have
In such a scenario, the joint-limit potential function is
Thus, joint-limit avoidance is guaranteed, and the RNS motion can be obtained by projecting the gradient of the performance criterion onto the null-space of matrix H o .
Parameter identification of a large noncooperative target
The momentum-based parameter identification for a space manipulator is formulated in this section. In the following derivation, it is assumed that shortly after the manipulator grasps the target, the target is fixed to the end-effector, and hence the inertial parameters of the last link of arm-a are altered (see Figure 3 ). Under this assumption, the unknown parameters to be identified are the mass, the position of the center of mass, and the inertia moment. 18 After capturing the target, the linear and angular momentum equations, equations (7) and (8), are rewritten by involving the unknown parameters of the noncooperative target
where o t is the angular velocity of the target (with o e ¼ o t ) and r t is the position vector of the mass center of the target to the origin of inertia coordinate, which can be decomposed as
where R a is the rotation matrix from frame S n to S I . Substituting for r t and _ r t from equations (51) and (52), separating the terms that involve the parameters to be identified at time t k and t kþ1 , P T and L T can be rewritten as
Since the momentum of the entire system is conserved, the increment of the total momentum, as the system evolves from the configuration at time t k to another configuration at the instant t kþ1 , is zero. This process results in the following
If Dt tends to an infinitely small value, Dr t Â m t _ r k t % 0, then equation (56) can be simplified as After the target is fixed to the end-effector, the angular velocity o t is equal to o e . _ p a e ;õ e R a ; Dðõ e R a Þ can be calculated in real time.
PD-type iterative learning control
After having calculated the ARNS motion for the joints, the free-flyer requires a controller to determine the torques to apply on the joints to execute the desired movement to perform the task. With the uncertainties in the large target, some questions arise, that is, is it possible to design a controller with the identified information of the target? And in addition, how to learn the system knowledge through a simple control approach? Taking this into consideration, a PD-type iterative learning control structure is proposed.
Recall the dynamic model for the dual-arm space robot system in equation (17) . A modified version of the PD control law can be obtained
In these equations, _ Y RNS and € Y RNS correspond to the reactionless joint velocity and acceleration vectors, respectively; eðtÞ and _ eðtÞ denote the joint velocity and acceleration error vectors, respectively;X t ¼ ½m a n ar a n aÎ a n a T is the estimation of the unknown parameters at time t, which can be obtained by equation (58); andf ðX t Þ is the feedforward torque and is a function of the identified inertial parameters of the target. To incorporate the unknown target dynamics into this PD-based control law, H Ã and C Ã are rearranged as a function ofX t .
However, the scheme implemented for the basemanipulator-target system will be relatively complex, as it depends on the accurate knowledge of the dynamic model. To remedy such a shortcoming, an iterative learning control is introduced, which causesf ðX t Þ to incorporate inertial information of the target. Further,f ðX t Þ can be estimated by the previous control input, which leads to the following control scheme tðtÞ ¼ tðt À 1Þ þ K p eðtÞ þ K dẽ ðtÞ (64)
where tðt À 1Þ is the output of the previous time step and employed as the input of the current time step and tð0Þ is initialed with a zero vector, which indicates that the controller begins as a simple PD controller. In the feedback term of the right side of equation (64), we useẽðtÞ instead of _ eðtÞ as the derivative term, since discrete descriptions of dynamics are employed. T is the sample period of the controller. Equation (64) indicates that the PD-type learning controller consists of an iteratively updated feedforward control and a PD feedback control to accelerate the convergence rate. Although the PD learning law is similar to the computed torque control in the expression, they are different. A significant difference is that the computed torque control requires an accurate dynamic model. However, this PD learning law is independent of the model and only requires a record of the output of the previous time step. Since the computation load is significantly decreased, it can be applied in real-time. This control law will end when the performance improvement is not significant, which can be numerically controlled by the user-defined positive number ".
To analyze the stability of the proposed control law, a scalar Lyapunov function is introduced as
The difference of V ðtÞ is given by
Since it is a discrete dynamic system, we can obtain a linear approximation of eðt þ 1Þ by 
Assuming that the control algorithm is implemented at a sufficiently high sampling rate, we obtain tðtÞ % tðt À 1Þ
Recall that K p and K v are the proportional control gain matrix and the derivative control gain matrix, respectively, that are diagonal positive definite. Once initializing K p and K d with T 2 K p 2K d , we obtain DV 0. In this manner, V ðtÞ must be a nonincreasing positive scalar function, which complete the stability proof.
The proposed ARNS scheme with joint-limit avoidance requires measurements of the base angular velocity o 0 ðtÞ and the current joint rates _ YðtÞ. To compute the potential function gradient in equation (48), the current joint angles YðtÞ are also required. The process of the complete algorithm is presented in Figure 4 , and the following primary steps are obtained:
Step 1. Initialize the system based on pre-capture parameters, _ Step 5. UsingKðtÞ, update the desired motion from equation (37).
Step 6. ComputeX ðtÞ from equation (58).
Step 7. Update tðtÞ to generate the appropriate joint torques.
Step 8. t ¼ t þ Dt, return to step 2, until finished.
In this way, the parameter matrixK ðt Þ and the ARNS joint rates are updated, and certain relevant problems are resolved simultaneously: maintaining the base attitude, avoiding joint limits, and identifying the unknown inertial parameters of the tumbling target.
Simulation study
The simulation study aims to verify the capability of the proposed adaptive coordinated motion control scheme to minimize the disturbance to the base with joint-limit avoidance. The verification is presented using a dual-arm planar space robot; each arm has three degree of freedom. The target is realistically captured by the manipulator, and the target is assumed to be firmly held by the gripper mechanism as illustrated in Figure 5 . The space manipulator initially has no momentum, and the target is tumbling with an initial angular velocity of o t ¼ 1:15 /s. The initial adaptation gain matrix is defined as Qð0Þ ¼ diag½500; 500; 500; it will be reset when QðtÞ ! 600 or QðtÞ 1. The forgetting factor for the RLS algorithm is l ¼ 0:99. The step size is T ¼ 0:005 s.
The dynamic model of the space robot and the target are created in MATLAB/SimMechanics with S-functions. The relevant parameters of the base, links, and initial states employed in this study are summarized in Tables 1 and 2 . Especially, the noncooperative target is much larger than the space robot. The mass and inertia are assumed to be four times as large as the mass and inertia of the servicer (refer to Table 3 ).
Case A: ARNS motion without joint limits
Before the estimation of the parameter, the accuracy of the simulation platform is first ascertained by examining the momentum conservation of the system during the ARNS motion. In Figure 6 , the system angular momenta are illustrated, depicting the process of the angular momentum distribution as the total angular momentum remains constant. The process of the distribution is slow because the target is much larger than the space robot. Figure 7 shows the ARNS motion control maintaining the base attitude while one arm holds the large noncooperative target. Minimum base disturbance is produced by ARNS motion. In Figure 8 and Figure 9 , the corresponding results are shown, which one can observe the joint motions. These results verify the accuracy of the simulation platform and its suitability for testing the proposed control concept.
The results for the ARNS algorithm without joint limits that are presented here demonstrate the important role of the proposed ARNS scheme in the post-capture phase. Without joint-limit constraints, arm-b joint 1 may reach 142.5 , and the maximum disturbance to the base is approximately 0.002 .
Once the capture is established, the momentum-based parameter identification method is executed. The motions generated by the ARNS scheme provide the measurements required for solving the parameter identification problem stated in equation (58). The estimation results are shown in Figure 10 (a logarithmic (base 10) scale is used for the X-axis, t ¼ 20 s) and Table 4 . Within 0.1 s after capture, the parameter estimates for m t , b t , and I t converge to their real values. The availability of inertial parameters for the entire base-manipulator-target system facilitates the post-capture stabilization task, since precise knowledge of space manipulator dynamics is necessary for many model-based control algorithms, such as trajectory control, optimal control, or DMC.
Case B: ARNS motion with improved joint-limit avoidance
The improved joint-limit avoidance algorithm is also employed with the ARNS motion control. The joint-limit constraints of the arms are presented in Table 5 .
The results for joint-limit avoidance are shown in Figures 11 to 15 . Figure 11 presents the original joint-limit avoidance algorithm for arm-b joint 1. The joint moves around the medium position of the range. Though this algorithm manages to protect the joint from violation of the joint limit, it does not fully use the entire motion range. The improved joint-limit avoidance algorithm overcomes this shortcoming. In Figure 12 , the joint moves freely in the safe area. When it passes the safe line and approaches the joint limit, it is driven to return. The maximum joint angle it reached is 58.3
. In fact, comparing the results in Figures 11 Figure 10 . Estimations of inertial parameters. and 12, it is apparent that the improved joint-limit scheme expands the motion range. In Figures 13 and 14 , the other joint angles are shown. A comparison of the joint rates profiles in the square frame in Figure 15 reveals that when the first joint turns around to escape the joint-limit area, the second and third joints attempt to compensate for the change of the first joint. This response demonstrates that the joint-limit avoidance task of the proposed control law is completely satisfied. As shown in Figures 12 and 16 , during the time period of 10-14 s, the potential function is forced to decrease whenever the joint approaches its limit; the function acts as a penalty function that returns a high weight under this scenario.
In this test case, the attitude disturbance to the base is shown in Figure 17 . Compared with that shown in Figure 7 , the performance of the base response worsens Oð 10 À2 Þ versus Oð 10 À3 Þ , especially when the joints approach their limits. When the joints remain in a safe area, no significant difference is observed in the base response.
Case C: Controller analysis
For evaluating the performance of the proposed PD-type iterative learning controller, the torques of the system are studied here. Note that the PD-type iterative learning control gains are the same with that of the PD controller. They are presented in Table 6 . The positive number is defined as " ¼ 0:001. Once we have e ", the learning process stops and the controller switches from PD-type iterative learning control to PD control. Figures 18 and 19 depict the torque differences between the PD control and the PD-type iterative learning control. The error profiles of the PD controller and PD-type iterative controller are shown in Figures 20 and 21 . To clearly show the convergence rate, a logarithmic (base 10) scale is used for the X-axis (t ¼ 20 s). The performance improvement is unambiguous, where the convergence time is t ¼ 0:5 s and t ¼ 0:08 s, respectively. The effectiveness of the PD and PD-type iterative learning control law can be explained as follows: Before the iterative learning control is employed, nothing is known about the target in the control scheme; thus, the system can be treated as a black box. After the first iteration, the PD-type iterative learning control law obtains some dynamic information about the target, and the system becomes a gray box. As the iterations go on, more knowledge of the inertia parameters is obtained and added to the control law. Therefore, the PD-type iterative learning control law offers a faster convergence rate than that of the typical PD control, which is advantageous for applications involving the capture of a large noncooperative target.
Conclusion
In the course of on-orbit servicing, the tumbling target was assumed to be much larger than the space robot, which meant that the uncertainties of the inertia properties of the target would degrade the control performance and the compound stabilization. To address this problem, this article presented a new adaptive coordinated motion control for a dual-arm space robot. The advantage of this control scheme was that it was designed for the capture of a large unknown tumbling target. With the proposed adaptive coordinated motion control strategy, three relevant problems of post-capture control of a dual-arm space robot were addressed simultaneously: maintaining minimum disturbance to the base by manipulator-target motion, avoiding joint limits, and identifying the target's properties in real time. A PD-type iterative learning control algorithm was also presented to accelerate the convergence rate of the tracking errors. The simulations revealed that the proposed methods were applicable to a dual-arm space robot supplying on-orbit services. Based on the proposed methods, several recommendations for further research can be made as follows:
The dynamic singularity issue should be addressed for the dual-arm space robot. Due to a lack of the accuracy knowledge of dynamic properties, the singularity problem may be more complex after capturing an unknown target. The closed-chain constraints should be investigated in future. To manipulate a large target, the dual-arm space robot and the target may form a closed-chain system. New planning and control algorithms should be proposed to deal with such constraints. Constructing the experimental test-bed and actual experimental validation of the proposed methods are strongly recommended for future work.
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